Sex determination systems in plants have evolved many times from hermaphroditic ancestors (including monoecious plants with separate male and female flowers on the same individual), and sex chromosome systems have arisen several times in flowering plant evolution. Consistent with theoretical models for the evolutionary transition from hermaphroditism to monoecy, multiple sex determining genes are
involved, including male-sterility and female-sterility factors. The requirement that recombination should be rare between these different loci is probably the chief reason for the genetic degeneration of Y chromosomes. Theories for Y chromosome degeneration are reviewed in the light of recent results from genes on plant sex chromosomes. Heredity (2002) 88, 94-101. DOI: 10.1038/sj/hdy/6800016 In some plant taxa, it is possible to estimate how many times dioecy has evolved, and how long ago. Dioecy probably evolved twice in the Hawaiian genus Schiedia (Weller et al, 1995) . The best studied case at present is the large genus Silene, in the same family (Caryophyllaceae). Many Silene species are gynodioecious and others are hermaphroditic. A phylogeny constructed from internal transcribed spacer (ITS) sequences of nuclear ribosomal RNA genes of Silene species suggests two origins of dioecy in this genus also (Desfeux et al, 1996) . Using a molecular clock, these data suggest an age of probably less than 20 million years for the heteromorphic sex chromosomes of the close relatives Silene latifolia and S. dioica. Comparative analysis suggests that dioecious lineages often have short evolutionary lives (Heilbuth, 2000) . Thus separate sexes may have evolved more than 100 times in the flowering plants, given that 160 families have dioecious members.
The genetics of sex determination in plants, and plant sex chromosomes Sex inheritance and sex chromosomes in plants are strikingly similar to those in animals. The majority of plants studied have heterozygous males, or, when the chromosomes are visibly different (perhaps half of plants that have separate sexes, see Westergaard, 1958) , male heterogamety (XY males, XX females). In many dioecious plants, males are 'inconstant', ie produce occasional fruits (Lloyd, 1975b; Lloyd and Bawa, 1984) . Self fertilisation of such plants in several species has provided genetic evidence that males are heterozygous. As will be explained below, the male genotype must include a dominant suppressor of femaleness (Su F ). On selfing, a 3:1 ratio of males to females is expected if Su F /Su F is viable, or 2:1 if the Y chromosome is genetically degenerated and this genotype is inviable. Each of these ratios has been found (Westergaard, 1958; Testolin et al, 1995) . Some plant Y chromosomes are therefore at least partially genetically degenerate. Several kinds of evidence suggest the involvement of two loci in sex determination. Some data come from crosses between dioecious plants and related monoecious or hermaphrodite species (Westergaard, 1958) . In Silene dioica and latifolia, there is direct evidence from cytological studies of Y chromosome deletions. There are three functionally different Y chromosome regions (see Figure 2 ), the Su F region, and two regions containing factors controlling early and late anther development (Westergaard, 1958; Grant et al, 1994; Farbos et al, 1999; Lardon et al, 1999) . In these species, X and Y pairing in male meiosis is confined to the tips (Westergaard, 1958; Parker, 1990; Lardon et al, 1999) , and recombination is absent for most of the Y chromosome.
Why are sex determining loci linked?
The evidence for multiple sex determining genes suggests that non-recombination between the X and Y chromosomes evolved to prevent recombination between these loci, since recombination would produce maladaptive phenotypes, particularly neuter individuals (Figure 3b ; Lewis, 1942) . It is widely assumed that the linkage evolved after establishment of unlinked male and female sterility genes, ie that these loci have been brought into proximity by inversions and/or translocations (Lewis, 1942) . A genetic model of the evolutionary transition from cosexuality to dioecy suggests, however, that linkage may often be necessary from the outset (Charlesworth and Charlesworth, 1978a) . Starting from cosexuality, the evolution of two sexes must generally require at least two genetic changes, one (male-sterility) creating females and the other (female-sterility) producing males (Figure 3a , Charlesworth and Charlesworth, 1978a) . The process may sometimes have been more gradual, with partial sterility mutations (Lloyd, 1975a; Charlesworth and Charlesworth, 1978b) . Plants and animals with a single sex-determining determining locus are probably often derived from systems with maledetermining chromosomes (Bull, 1983; Traut and Willhoeft, 1990 ), as separate sexes cannot evolve in a single Heredity mutational step from an initial hermaphroditic or monoecious state (except under the extremely improbable assumption that a mutation arises in a cosex whose heterozygotes have one sex, and homozygotes the other sex, eg Aa male and aa female).
The existence of inconstant males (but not females) in many dioecious species (eg Galli et al, 1993; Testolin et al, 1995) supports this scenario of a major recessive mutation leading to females, followed by selection for modifiers making the cosexes more male, as in Figure 3 . Once females have been established in a population, the availability of their ovules favours higher investment in pollen output, so there is a selective pressure on the cosexual morph to evolve a greater male bias (Charlesworth and Charlesworth, 1978a) . Modifier genes that make cosexes more male-like should, however, also reduce female fertility (Figure 3b ), unless they are sex-limited in their expression. This counter-selects against such factors, so partial female-sterility factors are generally most likely to spread in a gynodioecious population if they are linked to the male-sterility gene (Charlesworth and Charlesworth, 1978a; Nordborg, 1994) . The spread of alleles beneficial in one sex but not in the other (antagonistic pleiotropy) similarly depends on linkage (Charlesworth and Charlesworth, 1980; Rice, 1997 ). There will also be selection for tighter linkage between the male-sterility locus and modifier loci (Charlesworth and Charlesworth, 1978a) . Thus a cluster of linked loci in a particular chromosomal region, with suppressed recombination, and containing the sex determining loci and loci affecting male functions, will probably evolve.
Sex-linked markers should permit tests of whether the region involved in sex determination in dioecious species is also a single chromosomal location in cosexual relatives, or whether the sex determining genes were initially on different chromosomes, and only later came into proximity. All diploid Silene species have the same chromosome number (n = 12), suggesting that translocations of whole chromosomes have not contributed to the enlarged X and Y, though movements of lesser genome regions are possible.
Figure 1
The wide taxomic distribution of dioecy and sex chromosomes in angiosperms, based on the phylogenetic analysis of Soltis et al, (1999) . Presence of dioecy is indicated by X inside a square. Filled symbols indicate taxa in which sex chromosomes have been studied. Black indicates the presence of species in which heteromorphic sex chromosomes have been found, either cytologically or by genetic mapping, and grey indicates that sex chromosomes are believed to be absent.
Figure 2
The Silene latifolia Y chromosome, showing genes and anonymous markers that have been identified. The deletions causing hermaphroditism (bsx mutations), and those causing complete sterility (ie early-stage anther abortion) of Y-bearing plants (asx mutations), as well as the X-43 subtelomeric sequence, are described in Farbos et al (1999) and Lardon et al (1999) , and the Bgl markers are described inDonnison et al (1996) . The locations of the S1X4 and S1X1 loci are inferred from the finding of a male-sterile plant (with anthers aborted late in stamen development) which has no copy of S1X4 detectable by PCR, but which appears to carry a Y chromosome, since S1X1 is present (DA Filatov, unpublished data) . The estimate of a recombination fraction of 30-40% between S1X1 and S1X4 is based on unpublished data of V Laporte and V Hykelova.
Evolution of sex chromosomes
The theory outlined here explains the evolution of a rarely recombining chromosome region containing the sex determining genes, an incipient sex chromosome system. The female haplotype carries a recessive male-sterility allele, while the dominant male-determining chromosome would carry female-sterility alleles (and the wild-type allele at the male-sterility locus; Figure 3 ). Sex chromosome evolution is intimately connected with Y chromosome degeneration. Most current understanding of how the distinctive properties of Y chromosomes evolved comes from theoretical work on the evolution of genomic regions with low recombination. Such regions are subject to several processes, given a sufficiently high rate of deleterious mutations .
One process is mutation accumulation by Muller's ratchet (Muller, 1964; Haigh, 1978) , leading to an increasing number of mutations, which become fixed as the process continues . Drosophila population sizes may be too high for this stochastic process to explain neo-Y chromosome degeneration (Charlesworth, 1996) , and most plants have more chromosomes, and therefore fewer genes on a proto-Y chromosome than on a Drosophila chromosome, so in plants the mutation rate to deleterious alleles may be too low. Another possibility is hitch-hiking: favourable mutant alleles arise on the proto-Y and rise in frequency to fixation, concomitantly fixing deleterious alleles on the same chromosome (Rice, 1987) . A third suggestion relies on accelerated fixation of deleterious mutations on a nonrecombining chromosome (because selection against deleterious alleles leads to reduced effective population size; Charlesworth, 1996) . All these processes involve reduced effective population size, and should therefore lead to low Y-chromosomal genetic diversity .
The relatively recent origin of plant Y chromosomes, compared with those of most animals, make dioecious plants particularly suitable for studying the early stages of the degeneration process. The availability of closely related species, probably with chromosomes having gene content similar to that of the ancestral sex chromosomes, should show how genes have evolved since becoming sex-linked, offering a system to test between the different hypotheses. Most animal Y chromosomes degenerated long ago, making the processes responsible inaccessible to study, except in species with translocations between the sex chromosomes and autosomes. In species with Xautosome translocations, the neo-Y is not physically attached to the pre-existing Y chromosome, so its degeneration may result largely from the same kind of processes as in the initial evolution of Y chromosomes, but this is not certain. In plants, however, a there is de 
Have plant Y chromosomes degenerated?
Before using plants to study genetic degeneration, we need to know if their Y chromosomes are indeed degenerating. The evidence from the best studied species suggests some degeneration. Rumex acetosa Y chromosomes are heterochromatic (Clark et al, 1993; Réjon et al, 1994; Lengerova and Vyskot, 2001 ). On the other hand, DNAse digestion experiments suggest transcriptional activity of this Y chromosome (Clark et al, 1993) , though this could be due to the presence of dispersed repetitive sequences that are transcribed, such as transposable elements. The high frequency of chromosome rearrangements in this species (Wilby and Parker, 1988) , and variability of its Y chromosome morphology (Wilby and Parker, 1986) , are consistent with such a possibility, but it has not yet been tested. Some X-linked mutations are not masked by the Rumex Y chromosome (Smith, 1963) , ie males are hemizygous for this region, like classical sex-linked loci in many animals.
In Silence latifolia, the two X chromosomes differ in the time of replication, as might be expected if one of them is transcriptionally silenced, and they appear to be differentially methylated, possibly indicating that dosage compensation is occurring by X inactivation in females . Gene expression from Y chromosomes is suggested by estimates of methylation levels (Vyskot et al, 1993) , which may imply that many Y-linked genes have not degenerated greatly, if at all (though again the possibility of transposons cannot be excluded). The large size of the Y chromosomes in S. latifolia and dioica (Costich et al, 1991) and many other dioecious plants (Parker, 1990) , also suggests that plant Y chromosomes have accumulated repetitive sequences, which have been found on Y chromosomes of S. latifolia (Donnison et al, 1996; Zhang et al, 1998; Lardon et al, 1999) and R. acetosa (Réjon et al, 1994) . So far, however, abundances are mostly similar on the X and autosomes (Clark et al, 1993; Donnison et al, 1996; Scutt and Gilmartin, 1997) . Thus the evidence is inconclusive, and the nature and range of kinds of such sequences is currently almost totally unknown.
In most studied species with heteromorphic sex chromosomes YY genotypes are inviable (see above), as are androgenic haploid plants of S. latifolia, with only a Y chromosome (Ye et al, 1990) , while X-haploid plants are viable. However, the viability and fertility of occasional YY dihaploids (Vagera et al, 1994) argues against complete loss or inactivation of genes, presumably because increased gene dosage permits survival. Finally, female biased sex ratios in both S. latifolia (see Correns, 1928 , but also Carroll, 1990) and Rumex acetosa (Smith, 1963; Wilby and Parker, 1988) as well as other dioecious species suggest that pollen grains with Y chromosomes grow more slowly than X-bearing pollen. This suggests that plant Y chromosomes have reduced gene functions (Smith, 1963; Lloyd, 1974) , though segregation distortion has not been ruled out (Taylor, 1994) .
Molecular genetics of plant Y chromosomes
Our understanding of the evolution of plant sex chromosomes and sex determination should be advanced by the use of molecular markers, so several groups are searching for these. The region containing the sex determining loci must initially have been fully homologous between the two alternative chromosomes. One goal of studies of plant sex chromosomes is therefore to test for homology. Both X-and Y-linked markers are now being discovered in plants with and without heteromorphic sex chromosomes (eg Testolin et al, 1995; Harvey et al, 1997; Polley et al, 1997; Zhang et al, 1998; Mandolino et al, 1999) . Most markers are, however, anonymous, and cannot tell us which X-linked loci have homologues on the Y chromosomes and which do not.
Isolation of male-specific cDNAs from developing flower buds or reproductive organs has not yet led to discovery of sex determining genes (Matsunaga et al, 1996; Barbacar et al, 1997) , probably because sex-determi-nation happens very early in flower development , so the genes identified are controlled in response to sex, rather than the controlling loci. Genes known to be important in floral development, including the homoeotic MADS-box genes also appear not to have direct roles in sex determination (Hardenack et al, 1994; Ainsworth et al, 1995) . This is not surprising, as these mutations change floral organ identities, whereas in unisexual flowers apparently normal reproductive organs merely stop developing, as predicted by the genetic model above.
Both X-and Y-linked expressed loci have now been identified in S. latifolia. One approach is to directly search for sex-linked genes (Guttman and Charlesworth, 1998) . This has identified the X-linked MROS-X (male reproductive organ specific) gene and its Y-linked homologue, MROS3-Y, which appears to have degenerated. MROS3-Y contains only a short region of homology to the MROS3-X sequence. This region has been evolving in a neutral manner, with a ratio of silent to replacement substitutions, K a /K s , of 0.974, close to unity, as expected for a sequence evolving without selective constraints (Nei, 1987) .
Another approach has isolated Y-linked genes present in mRNA populations from S. latifolia male flower buds. Two gene pairs have so far been characterised. Based on sequence similarity to other genes, the SlX/Y1 pair appears to encode a WD-repeats protein (Delichère et al, 1999) and SlX/Y4 a fructose-2, 6-bisphosphatase (Atanassov et al, 2001) , and neither is likely to be involved in sex determination. The recombination fraction between SlX1 and SlX4 (Figure 2 ) suggests that they are far apart on the X, and potentially also on the Y chromosome, unless this has been rearranged. Comparisons of the coding sequences of these X-and Y-linked genes, including outgroup sequences in non-dioecious Silene species, yield K a /K s Ͻ 0.2 (Atanassov et al, 2001) . The protein sequences of both the Y-and X-linked genes have therefore been maintained for at least most of their evolutionary history since the X and Y ceased recombining, ie these Y-linked genes have not degenerated. Silent site divergence between SlX4 and SlY4 is similar to that between the X-and Y-chromosome copies of MROS3, and both suggest an age estimate of the sex chromosome system similar to that based on the ITS sequences (Desfeux et al, 1996) . The SlX1 and SlY1 genes are considerably less diverged. It will be very interesting to study more X/Y-linked gene pairs to test whether the Y chromosome seems to have been built up in a stepwise manner, as seems to be true of the human Y (Lahn and Page, 1999; Waters et al, 2001) .
If the Y chromosomes of dioecious Silenes are actively degenerating, Y-linked genes are predicted to have reduced diversity, and we can use patterns of diversity at non-degenerated loci (such as those just described) to test for selective sweeps. In samples from several S. latifolia and S. dioica populations, SlY1 diversity is indeed lower than that of SlX1, after correcting for the smaller number of Y than X chromosomes in populations (Caballero, 1995) . Analysis using outgroup sequences shows that this is not due to a higher mutation rate of the Y-linked genes ). Tests such as Tajima's test do not suggest selective sweeps (Filatov et al, 2000 . However, these tests are affected by subdivision (Schierup et al, 2000) , for which there is evidence in Heredity these species (McCauley, 1994; Giles et al, 1998; Ingvarsson and Giles, 1999; Richards et al, 1999) , which probably affects the Y chromosome more than other chromosomes, because of its smaller effective size (Wang, 1999) . Larger samples from within single populations are therefore needed. It is also difficult to test for diversity differences in the presence of introgression between the two Silene species. Y-chromosome variants differ between the two species, whereas some X-linked variants are shared between them . A final difficulty is that autosomal loci are also needed in order to know whether Y-chromosomal variation is reduced, or X-linked diversity elevated. The one autosomal locus so far studied has low diversity, but this does not point to increased Xlinked diversity, because this gene appears to have experienced a selective sweep , so more autosomal genes are needed. Comparisons are also needed with species whose Y-chromosome is fully degenerated. If low diversity is also found in these, it would point to causes such as mutation rate differences, rather than effects of the selective processes during genetic degeneration.
Discussion
With the availability of molecular techniques, we may now hope to understand more about how sex chromosomes evolve. Mapping data, even with anonymous markers, should give estimates of the fraction of X-linked loci that are located in the pairing and differential regions. In the absence of useful chromosome banding patterns that identify regions, single-copy anonymous markers can also be useful for mapping in combination with Y-chromosome deletions (Donnison et al, 1996) . Deletion mapping of the Y chromosome does not precisely pinpoint the sex-determination loci, but it should be possible to define the regions in which these genes are located Figure 2 summarises current information about the S. latifolia Y.
Once genes have been identified and sequenced, we will be able to estimate how long sex chromosome evolution takes. This should help us evaluate the plausibility of the proposed mechanisms for the process. The results of such studies may, in turn, contribute to our knowledge of mutation rates to deleterious mutations, and to a growing body of understanding of evolution in the absence of recombination. Studies of the early stages of sex chromosome degeneration offer the potential to have a eukaryote version of the interesting results on genome degradation in asexual prokaryotes (Wernergreen and Moran, 1999) . If, as appears likely, plant sex chromosomes are found to be only partially genetically degenerated, they may offer opportunities to help understand the relationship between the evolution of genetic degeneration and of dosage compensation.
